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Magnetization and neutron elastic scattering measurements under a hydrostatic pressure
were performed on KCuCl3, which is a three-dimensionally coupled spin dimer system with
a gapped ground state. It was found that an intradimer interaction decreases with increasing
pressure, while the sum of interdimer interactions increases. This leads to the shrinkage of spin
gap. A quantum phase transition from a gapped state to an antiferromagnetic state occurs
at Pc ≈ 8.2 kbar. For P > Pc, magnetic Bragg reflections were observed at reciprocal lattice
points equivalent to those for the lowest magnetic excitation at zero pressure. This confirms
that the spin gap decreases and closes under applied pressure.
KEYWORDS: KCuCl3, spin gap, pressure-induced magnetic ordering, quantum phase transition, quantum
critical point, magnetization, neutron scattering
1. Introduction
The application of magnetic field to a gapped spin sin-
glet state can induce a quantum phase transition (QPT)
to an ordered state.1) This field-induced magnetic QPT
has been extensively studied in many gapped spin sys-
tems.2–10) The results obtained can be comprehensively
understood in terms of the Bose-Einstein condensation of
spin triplets.11–20) Recently, it has been observed that the
spin gap in TlCuCl3 collapses under a hydrostatic pres-
sure, so that this system can switch from a gapped sin-
glet state to an antiferromagnetic state.21–24) The critical
pressure Pc was obtained to be Pc = 0.42 kbar from mag-
netization measurements,21) while Pc = 1.07 kbar from
neutron scattering experiments.24) The discovery of the
pressure-induced QPT in TlCuCl3 encouraged theoreti-
cal work, and novel phenomena dominated by quantum
fluctuation were predicted for the pressure-induced QPT,
e.g., the presence of the amplitude mode for magnetic ex-
citations above Pc that has been disregarded in conven-
tional antiferromagnets25) and the logarithmic correction
for the gap near Pc.
26) The difference between the field-
and pressure-induced QPTs is that the former arises from
the softening of one of the three triplet excitation modes,
while the latter arises from the simultaneous softening of
the three triplet modes.
This study is concerned with a pressure-induced QPT
in KCuCl3, which has the same crystal structure as
TlCuCl3. KCuCl3 has a monoclinic structure (space
group P21/c).
27) The crystal structure is composed of
planar dimers of Cu2Cl6. The dimers are stacked to form
infinite double chains parallel to the crystallographic a-
axis. These double chains are located at the corners and
center of the unit cell in the bc-plane, as shown in Fig.
1(a). The magnetic ground state of KCuCl3 is a spin sin-
∗E-mail: goto@lee.phys.titech.ac.jp.
Table I. Exchange interactions in KCuCl3 in K units.32)
J J(100) J
′
(100)
J(1, 1
2
, 1
2
) J
′
(1, 1
2
, 1
2
)
J ′
(2,0,1)
49.3 −0.24 4.93 9.86 1.97 9.27
glet with the excitation gap ∆/kB = 30.5 K.
8, 28, 29) The
lowest magnetic excitation occurs at Q = (0, 0, 1) and
its equivalent reciprocal points.30–34) The origin of the
gap is the strong antiferromagnetic exchange interaction
J/kB ≃ 50 K on the planar dimer Cu2Cl6, where the
exchange interaction is defined as Hex = JijSi · Sj . As
shown in Fig. 1(b), neighboring dimers couple magneti-
cally along the a-axis and in the (1, 0, 2¯) plane, in which
the hole orbitals of Cu2+ spread. The gap in KCuCl3
is much larger than ∆/kB = 7.5 K in TlCuCl3.
6, 29)
This is because individual interdimer exchange interac-
tions in KCuCl3 are two or three times as small as those
in TlCuCl3.
35, 36) In Table I, we list the individual ex-
change interactions in KCuCl3 determined by Mu¨ller and
Mikeska.32) They applied a cluster series expansion to
analyze the dispersion relations observed in KCuCl3.
31)
Within the framework of the dimer mean-field approx-
imation,8) the gap is expressed as
∆ =
√
J(J − 2|J˜ |), (1)
where J˜ is expressed by a certain linear combination of
interdimer interactions, and for the present system,
J˜ = J(100)−
1
2
J ′(100)−J(1, 1
2
, 1
2
)+J
′
(1, 1
2
, 1
2
)−
1
2
J ′(2,0,1), (2)
where individual interdimer interactions are shown in
Fig. 1(b). The gap shrinks either when the intradimer
interaction J is reduced or when the interdimer inter-
action is enhanced by an applied pressure. In the case
1
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Fig. 1. (a) Crystal structure viewed along the a-axis and (b) ex-
change interactions in KCuCl3. The double chain located at the
corner and the center of the chemical unit cell in the bc-plane
are represented by the solid and dashed lines, respectively. The
shaded area shows the chemical unit cell in the ac-plane. The
intradimer interaction is denoted as J , and the interdimer inter-
action between spins in dimers separated by the lattice vector
la+mb+ nc is denoted as Jlmn for pairs of spins at equivalent
positions and as J ′
lmn
for spins at inequivalent positions.
of TlCuCl3, we were not able to distinguish which ef-
fect is dominant because of the small critical pressure
Pc. On the other hand, the gap in KCuCl3 is approxi-
mately four times as large as the gap in TlCuCl3, and
thus, Pc for KCuCl3 should be much larger than that
for TlCuCl3. Therefore, we can obtain the pressure de-
pendence of both intradimer and interdimer interactions
before reaching the critical pressure. With this reasoning,
we performed magnetization measurements and neutron
elastic scattering experiments on KCuCl3 under a hydro-
static pressure.
2. Experimental
Single KCuCl3 crystals were prepared by the Bridg-
man method. The temperature of the center of the fur-
Table II. Pressure dependences of lattice parameters a, c and β.
P [kbar] 0 11 14 21
a [A˚] 4.029 3.886 3.863 3.807
c [A˚] 8.736 8.492 8.434 8.283
β [deg] 97.33 95.73 95.50 95.08
nace was set at 500◦C. The details of sample prepara-
tion are almost the same as those for TlCuCl3.
6) KCuCl3
crystals are easily cleaved along the (1, 0, 2¯) plane. The
second cleavage plane is (0, 1, 0). These cleavage planes
are perpendicular to each other and parallel to the [2, 0, 1]
direction.
Magnetizations were measured at temperatures down
to 1.8 K under magnetic fields up to 7 T using a SQUID
magnetometer (Quantum Design MPMS XL). Pressures
up to 10 kbar were applied using a cylindrical high-
pressure cramp cell designed for use with the SQUID
magnetometer.37) A sample with a size of ∼ 2.5× 2.5× 5
mm3 was set in the cell with its [2, 0, 1] direction paral-
lel to the cylindrical axis. A magnetic field was applied
along the [2, 0, 1] direction. The g-factor for this field
direction is g = 2.04, which we obtained by ESR mea-
surement. Daphne oil 7373 and liquid paraffin were used
as pressure-transmitting fluids. The pressure was cali-
brated with the superconducting transition temperature
Tc of tin placed in the pressure cell. The diamagnetism of
tin was measured at H = 10 and 50 Oe to determine Tc
after removing the residual magnetic flux trapped in the
superconducting magnet. The accuracy of the pressure
is 0.1 kbar for the absolute value.
For neutron scattering experiments, a McWhan-type
high-pressure cell (HPCNS-MCW, Oval Co., Ltd.)38) was
used. The sample with a volume of ∼ 0.2 cm3 was set
in the high-pressure cell. A mixture of Fluorinert FC70
and FC77 was used as pressure-transmitting medium.
The hydrostatic pressures P = 11, 14 and 21 kbar were
applied at helium temperatures. The pressure was de-
termined from the pressure dependence of the lattice
constants of a NaCl crystal placed in the sample space.
Neutron elastic scattering measurements were performed
using a TAS-1 spectrometer installed at JRR-3M in
JAEA, Tokai. The incident neutron energy was fixed at
Ei = 14.7 meV. Because the size of the sample has to be
small due to the small sample space, collimations were
set as open−80′ − 80′ − 80′ to gain intensity. Sapphire
and pyrolytic graphite filters were placed to suppress the
background by high energy neutrons, and higher order
contaminations, respectively. The sample was mounted
in the cryostat with its a∗- and c∗-axes in the scattering
plane. Table II shows the lattice parameters a, c and β
at P = 11, 14 and 21 kbar. These three lattice param-
eters monotonically decreases with increasing pressure,
although a nonlinear pressure dependence is observed for
a and β.
3. Results and Discussion
3.1 Magnetization
At an ambient pressure, magnetization is almost zero
at T = 1.8 K for H ≤ 7 T, because the critical field
J. Phys. Soc. Jpn. Full Paper Kenji Goto et al. 3
Hc = ∆/gµB corresponding to the gap is (g/2)Hc ≈ 23
T in KCuCl3.
8, 29) However, for P > 7 kbar, a rapid in-
crease in magnetization is observed below 7 T due to the
shrinkage of spin gap. Figure 2 shows the magnetization
curves measured at T=1.8 K under various pressures for
P ≥ 7.3 kbar. Arrows indicate the critical fields Hc, at
which the excitation gap closes. To evaluate the critical
fields Hc, we used two fitting functions for magnetiza-
tions, the linear function (K0 + K1H) for H < Hc and
the quadratic function (K ′0+K
′
1H+K
′
2H
2) for H > Hc.
These fitting functions are represented by solid lines in
Fig. 2. The critical fields indicated by arrows in Fig.
2 were evaluated from a field at which the two fitting
functions cross. The magnetization of the ground state
is proportional to H−Hc just above Hc, and the slope of
the magnetization curve decreases with decreasingHc.
25)
For this reason and the finite temperature effect together
with the small inhomogeneity of the pressure, the bend
anomaly at Hc observed at 1.8 K becomes smeared with
increasing pressure. Therefore, there is a certain amount
of error in the determination of Hc.
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Fig. 2. Magnetization curves for KCuCl3 measured at T = 1.8
K under various pressures. The magnetic field is applied parallel
to the [2, 0, 1] direction. For clarity, magnetizations are shifted
upward consecutively by 5 × 10−3 µB with increasing pressure.
Arrows indicate the critical fields Hc. The inset shows the mag-
netization curve for H ≤ 0.8 T measured at P = 8.2, 8.5 and 8.8
kbar.
It is evident that the gap shrinks with hydrostatic pres-
sure and vanishes at around 8.2 kbar. As shown in the
inset of Fig. 2, a spin-flop transition is clearly observed
for P = 8.8 kbar at Hsf = 0.42 T. This is typical of the
antiferromagnetic ordering with the easy-axis close to the
applied field direction. A small spin-flop transition is also
observed for P = 8.5 kbar, while not for P = 8.2 kbar.
From the present results, we observe that KCuCl3 un-
dergoes a pressure-induced QPT from a gapped ground
state to an antiferromagnetic state at Pc ≈ 8.2 kbar. The
critical pressure in KCuCl3 is about ten times as large
as Pc = 0.42 ∼ 1.07 kbar in TlCuCl3.21, 24)
The pressure dependence of Hc is plotted in Fig. 3,
where we added Hc = 22.2 T obtained by the previ-
ous high-field magnetization measurement at an ambient
pressure.8) The singlet-triplet excitation corresponding
to the spin gap in KCuCl3 can be observed by ESR due to
the presence of the weak antisymmetric exchange inter-
action of the Dzyaloshinsky-Moriya type that has matrix
elements between the singlet ground state and the lowest
excited triplet.39, 40) Recently, Ohta and his coworkers41)
have investigated the pressure dependence of the gap in
KCuCl3 up to 3.2 kbar by means of high-field and high-
frequency ESR. Their result is in accordance with our
result, as shown in Fig. 3.
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Fig. 3. Pressure dependence of critical field Hc. The solid line
serves as a visual guide. The dashed line shows the calculation
results obtained using eq. (1) with J/kB = 48.9 − 1.81P K and
|J˜| = 15.0− 0.327P K.
As shown in Fig. 2, the magnetization curve at P = 8.2
kbar that approximates the critical pressure is largely
rounded in the low-field region. At P = Pc, two triplet
components, |1, 1〉 and |1,−1〉, equally contribute to the
ground state at zero field. Here, |S, Sz〉 denotes the spin
state of a dimer with the total spin S and the z com-
ponent Sz. In the finite external field H , the amplitude
of |1, 1〉 is enhanced, while that of |1,−1〉 is suppressed.
For this reason, the low-field magnetization at P = Pc
is proportional to H3. The magnetization per spin m is
given by25)
m ≃ (g/2)µB (gµBH/J)3 . (3)
In Fig. 4, we plot the magnetization at P = 8.2 as a
function of H3. We can see that the magnetization is
approximately proportional to H3, as theoretically pre-
dicted. The intradimer exchange interaction evaluated
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by applying eq. (3) to the experimental data shown in
Fig. 4 is J/kB = 31.0 K. This J is somewhat smaller
than J/kB = 34.4 K obtained from the analysis of the
magnetic susceptibility data as described below.
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Fig. 4. Magnetization vs H3 at P = 8.2 kbar measured at T =
1.8 K. The solid line denotes the fit obtained using eq. (3) with
J/kB = 31.0 K and g = 2.04.
We measured the magnetic susceptibilities of KCuCl3
at various pressures to investigate the systematic change
in exchange interaction. Figure 5 shows the temperature
dependence of the susceptibilities (χ =M/H) measured
at the pressures of 0, 3.8 and 8.2 kbar. A magnetic field of
0.1 T was applied. With decreasing temperature, the sus-
ceptibilities exhibit broad maxima and rapidly decrease
toward zero. This behavior is characteristic of the gapped
spin system. We can see that with increasing pressure,
the temperature Tmax giving the susceptibility maximum
χmax decreases and that the value of χmax increases.
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         0 kbar
Fig. 5. Temperature dependence of magnetic susceptibilities χ in
KCuCl3 measured at P = 0, 3.8 and 8.2 kbar for H ‖ [2, 0, 1].
Solid lines denote the fits obtained using eq. (4).
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Fig. 6. Pressure dependence of intradimer interaction J and sum
of interdimer interactions J¯ .
When interdimer exchange interactions are treated as
mean-fields, the magnetic susceptibility χ is expressed by
χ =
2g2µ2BβN
3 + eβJ + 2βJ¯
, (4)
where β = 1/(kBT ), N is the number of dimers and 2J¯
is the sum of interdimer interactions acting on one spin
in a dimer, which is given for the present system by
J¯ = J(100)+
1
2
J ′(100)+J(1, 1
2
, 1
2
)+J
′
(1, 1
2
, 1
2
)+
1
2
J ′(2,0,1). (5)
In the present mean field approximation, Tmax is given by
J only as 1.60Tmax = J/kB. Solid lines in Fig. 5 denote
the fits obtained using eq. (4) for T > (2/3)Tmax with
g = 2.04. The J and J¯ obtained by fitting are plotted
in Fig. 6. From Fig. 6, it is evident that with increasing
pressure, the intradimer interaction J decreases, while
the sum of interdimer interactions J¯ increases. J exhibits
a linear pressure dependence and is expressed as
J/kB = (48.9− 1.81P ) K, (6)
where the unit of pressure is kbar. Assuming that J¯ also
exhibits a linear pressure dependence, we obtained
J¯/kB = (19.1 + 0.416P ) K. (7)
Solid lines in Fig. 6 denote these pressure dependences.
J/kB = 48.9 K obtained at an ambient pressure is con-
sistent with J/kB = 49.3 K obtained from the analysis
of the dispersion relation obtained by neutron inelastic
scattering experiments.31–34)
From the present susceptibility measurements, it was
found that the intradimer interaction decreases with in-
creasing pressure, while the interdimer interaction in-
creases. From eq. (1), we see that these pressure depen-
dences act cooperatively to suppress the spin gap. This
is why the spin gap in KCuCl3 shrinks with increasing
pressure. The same must be true of TlCuCl3. It is consid-
ered that with increasing pressure, the bond angle of the
intradimer exchange path Cu2+ − Cl− − Cu2+ becomes
closer to 90◦, so that the antiferromagnetic intradimer in-
teraction is suppressed. The enhancement in interdimer
interaction should be attributed to the contraction of the
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interdimer distance.
On the assumption that J˜ in eq. (2) has the same
pressure dependence as J¯ given by eq. (7), i.e., |J˜ | =
(15.0 + 0.327P ), we calculated the critical field Hc with
J given by eq. (6). The dashed line in Fig. 3 denotes the
calculated critical field. The calculated critical pressure
Pc = 7.7 kbar is slightly smaller than the experimental
Pc ≈ 8.2 kbar. This disagreement should be mainly due
to the error in the estimation of J¯ .
Figure 7 shows the low-temperature susceptibility χ
and its temperature derivative dχ/dT measured at P =
10.9 kbar. For P > 10 kbar, magnetic susceptibility ex-
hibits a small inflectional anomaly due to magnetic or-
dering, as shown in Fig. 7. The small anomaly at 4.4 K
is due to an instrumental problem and is not intrinsic to
the sample. We assign the temperature giving the inflec-
tion point of magnetization to the ordering temperature
TN. The pressure dependence of TN obtained from the
magnetization measurement and neutron elastic scatter-
ing experiment is discussed in the next subsection.
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Fig. 7. Low-temperature magnetization M/H and dM/dT in
KCuCl3 measured at P = 10.9 kbar for H ‖ [2, 0, 1]. The ar-
row denotes the ordering temperature TN.
3.2 Neutron elastic scattering
To confirm the pressure-induced magnetic ordering in
KCuCl3, we performed neutron elastic scattering under
the pressures of P = 11, 14 and 21 kbar. With de-
creasing temperature, magnetic Bragg reflections with
a resolution-limited width were observed at Q = (h, 0, l)
with the integer h and odd l, which are equivalent to
those for the lowest magnetic excitation at an ambient
pressure. The inset in Fig. 8 shows the θ − 2θ scans for
theQ = (0, 0, 1) reflection measured at T = 1.3 and 16 K
for P = 21 kbar. The ordering temperature at this pres-
sure is TN = 9.2 K. The weak peak observed at T = 16
K is a nuclear peak, which is forbidden for the space
group P21/c. This weak nuclear peak may be ascribed
to the higher order contamination of the strong (0, 0, 2)
nuclear reflection or the local distortion of a lattice due
to the applied pressure. Hence, we subtracted the nu-
clear contribution from the scattering data to obtain a
genuine magnetic contribution. Figure 8 shows the tem-
perature dependence of the magnetic peak intensity at
Q = (0, 0, 1) measured at P = 21 kbar. A phase tran-
sition is clearly observed at TN = 9.2 K. These results
indicate that the spin gap closes at Pc ≈ 8.2 kbar and
that for P > Pc, the ground state is gapless.
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Fig. 8. Temperature dependence of magnetic Bragg peak inten-
sity for Q = (0, 0, 1) reflection measured at P = 21 kbar in
KCuCl3. The inset shows θ − 2θ scans for the Q = (0, 0, 1) re-
flection measured at T = 1.3 and 16 K for P = 21 kbar. The hor-
izontal bar denotes the calculated instrumental resolution width.
We measured the integrated intensities of nine Bragg
reflections at T = 1.3 K to determine the spin structure
of the pressure-induced ordered phase. Table III summa-
rizes the integrated intensities of magnetic Bragg reflec-
tions normalized to the (0, 0, 1) reflection. These recipro-
cal lattice points are equivalent to those for the pressure-
induced magnetic ordering in TlCuCl3.
22, 23) Thus, we fit
the observed magnetic peak intensities with the magnetic
structure similar to that of the pressure-induced ordered
phase in TlCuCl3. The magnetic structure is character-
ized by the antiferromagnetic ordering within the dimer,
ferromagnetic ordering along the double chain and an-
tiferromagnetic spin arrangement between the nearest
neighbor chains, as shown in Fig. 9. We introduce two
angles, α and Θ, to represent the spin direction, as shown
in the inset in Fig. 9. The spin direction in the ac-plane
is expressed by the angle α to the a-axis. The out-of-
plane spin direction is expressed by the angle Θ from
the b-axis. To refine the magnetic structure, we used the
atomic coordinates of KCuCl3 at an ambient pressure
27)
and the nuclear scattering lengths bK = 3.71, bCu = 7.72
and bCl = 9.58 with 10
−13 cm unit.42) The magnetic form
factors of Cu2+ were taken from ref. 43. The extinction
effect was evaluated by comparing the observed and cal-
culated intensities for various nuclear Bragg reflections.
The calculated intensities with these two angles as fit-
ting parameters are shown in Table III. The calculated
intensities are in agreement with the observed ones. The
angle Θ is close to 90◦ for P = 11 and 14 kbar, while
for P = 21 kbar, Θ is clearly much smaller than 90◦.
This indicates that the ordered spins lie almost in the
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ac-plane up to P = 14 kbar and that they incline toward
the b-axis at P = 21 kbar. This ordered spin inclination
toward the b-axis may be indicative of the spin reorien-
tation on lowering temperature as has been observed in
the pressure induce-ordered phase of TlCuCl3.
22, 23)
a
c
b
α
a
b
c
Fig. 9. Spin structure of pressure-induced ordered phase in
KCuCl3 projected onto the ac-plane. The inset shows the defi-
nitions of the angles α and Θ representing the spin direction.
The ordered moment magnitudes evaluated at T = 1.3
K for P = 11, 14 and 21 kbar are 〈m〉 = (0.45± 0.02)µB,
(0.56±0.03)µB and (0.91±0.09)µB, respectively. The or-
dered moments 〈m〉 monotonically increase with applied
pressure. In Fig. 10, we plotted the data of TN obtained
from the magnetization and neutron scattering measure-
ments. The ordering temperature TN is not proportional
to 〈m〉. At a high pressure, the increase in TN is sup-
pressed. This behavior may be ascribed to the reduction
in anisotropy energy which determines the ordered mo-
ment direction.
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Fig. 10. Pressure dependence of ordering temperature TN. The
solid line serves as a visual guide.
Finally, we evaluate the contribution of the triplet
component to the ground state in the pressure induced
ordered state. When the x-direction is considered to be
parallel to the ordered moments, the basis state of the
dimer ψ may be expressed by
ψ = |0, 0〉 cos θ + 1√
2
(|1, 1〉 − |1,−1〉) sin θ, (8)
where the angle θ is introduced to satisfy the normal-
ization condition.8) From eq. (8), the magnitude of sub-
lattice magnetization 〈m〉 is given by 〈m〉 = gµB〈Sx〉 =
gµB cos θ sin θ. With 〈m〉 = 0.45, 0.56 and 0.91µB ob-
tained at P = 11, 14 and 21 kbar, and g = 2.07, 2.06 and
2.05 corresponding to the directions of the ordered mo-
ments at these pressures, we obtain sin2 θ = 0.050, 0.080
and 0.27, respectively. These values denote the contribu-
tion of the triplet component to the ground state.
4. Conclusion
We have presented the results of magnetization mea-
surements and neutron elastic scattering experiments on
the gapped spin system KCuCl3 under a hydrostatic
pressure. The gap decreases with applied pressure. The
pressure dependence of the gap was obtained, as shown
in Fig. 3. A pressure-induced quantum phase transition
from a gapped state to an antiferromagnetic state occurs
at the critical pressure Pc ≈ 8.2 kbar. Above Pc, Bragg
reflections indicative of magnetic ordering were observed
at Q = (h, 0, l) with the integer h and odd l, which are
equivalent to those for the lowest magnetic excitation at
zero pressure. This confirms that the pressure-induced
magnetic ordering observed arises from the closing of
the spin gap. From the analysis of magnetic susceptibil-
ity data, it was found that an intradimer interaction de-
creases with increasing pressure, while sum of interdimer
interactions increases. These pressure dependences of the
exchange interactions give rise to reduction in spin gap.
The pressure dependence of the transition temperature
was obtained, as shown in Fig. 10.
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